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Abstract: This study developed a Reliability–Resiliency–Vulnerability (R–R–V) approach that
aggregates the frequency, duration, and severity of droughts estimated using the Standardized
Precipitation Evapotranspiration Index (SPEI). This approach was used to analyze the characteristics
of droughts for the current (1976–2005) and the future (2010–2099) climates. The future climate data
obtained from 28 general circulation models (GCMs) of Coupled Model Intercomparison Project
Phase 5 (CMIP5) was divided into three general periods: Future 1: 2010–2039, Future 2: 2040–2069;
and Future 3: 2070–2099. As a result, aggregation R–R–V representing water availability would
increase during Future 1, and then gradually decrease until the end of the century. The frequencies
of future drought events for Future 2 and Future 3 were similar to the current frequency, while the
durations will be longer and the severity will be higher at most locations during Future 3. Thus,
the mean of R–R–V over South Korea is expected to decrease, except for Future 1, and the spatial
variability of R–R–V is expected to increase. In the end, the changes in the mean and variance of
rainfall and temperature would lead to a decrease in the mean and increase in the spatial variation
of sustainability in South Korea. This approach and its results can be used to establish a long-term
drought strategy for regions where the risk of future drought is expected to increase.
Keywords: Coupled Model Intercomparison Project Phase 5 (CMIP5), drought analysis;
Reliability–Resiliency–Vulnerability (R–R–V) approach; Standardized Precipitation
Evapotranspiration Index (SPEI)
1. Introduction
Extreme events due to climate change have been frequent worldwide. According to survey
results by the Pew Research Center, among the climate change-induced natural hazards, concern about
drought was the largest regardless of the continents, followed by flood and heat waves [1]. Globally,
the necessities of the adaptation strategies for climate change have been required due to concerns
about the decrease in sustainability in water resources. Therefore, an assessment of sustainability in
water resources for future drought scenarios is very important.
The consideration of uncertainties of climate change in impact analysis, vulnerability assessment,
and adaptation strategies is generally regarded as a necessity in climate change study, because any
single climate model cannot reliably represent the future climate condition. Thus, various methods
have been developed to select proper general circulation models (GCMs) based on their performances
to simulate the current climates. However, the best regeneration performance of the current climate
does not correspondingly guarantee the precision of GCMs to simulate future climates. In recent
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years, an ensemble approach has been proposed to include the future simulation of a large number
of GCMs [2,3]. This use of multiple GCMs can be a good way to reduce the uncertainty inherent in
climate change projection by a number of GCMs [4–6].
The simulated climates of GCMs are usually downscaled at the station level or high-resolution
grid points using a dynamic or statistical approach for impact assessment at the local or regional scale.
The dynamic downscaling can consider the interaction between climatic systems and non-stationarity
due to the climate change, because the locality of climate forcing is generally included in the regional
climate models (RCMs). In addition, the spatio-temporal correlation between variables can be
interpreted based on the physics of the Earth system. On the other hand, statistical downscaling
focuses on the statistical relationships between simulated climate values and historical observations,
which may not be valid in the future [7–9]. On the other hand, statistical downscaling is much
flexible, easy, and less time-consuming compared to dynamic downscaling [10]. To overcome the
limitations of statistical downscaling and the complexity of dynamic downscaling, hybrid downscaling
procedures have been developed and applied in recent years [11–13]. Especially, NASA Earth
Exchange Global Daily Downscaled Projections (NEX-GDDP) and Downscaled CMIP3 and CMIP5
climate and Hydrology Projections (DCHP) provided an improved statistical downscaling based on
Bias-Correction/Spatial Disaggregation (BCSD), which maintained the long-term trends inherent in
GCMs [11]. Thus, this method has been widely used for the projection of future climates [12,14,15].
The main characteristics of drought events are duration and severity, which can be numerically
defined by any drought index. Recent studies have widely used the bivariate copular method to
consider these two variables at the same time [16,17]. However, since the occurrence frequency is
generally accepted as another important variable, it should be considered in the analysis of drought.
From this respective, Zongxue et al. [18] proposed a hazard index that takes into account frequency,
severity, and duration at the same time, and Loucks et al. [19] suggested an aggregation approach
including three variables.
In this study, a Reliability–Resiliency–Vulnerability (R-R-V) approach for drought analysis is used
through the aggregation index using the Standardized Precipitation Evapotranspiration Index (SPEI).
This index was used to assess the possible changes in drought characteristics of Korea due to the
plausible climate changes from 28 GCMs. This approach can be used to analyze the future drought
characteristics in order to establish the long-term drought strategies for any region.
2. Data and Methodology
2.1. Procedure
The simulated climates from various GCMs were used to project the changes in SPEI over South
Korea (Figure 1). The climate simulations of 28 GCMs provided by Coupled Model Intercomparison
Project Phase 5 (CMIP5) were downscaled for 60 meteorological stations of Automatic Synoptic
Observation System (ASOS) for this purpose. This downscaling method was based on the long-term
trend of climate simulations (Figure 2). In order to project the change of drought characteristics,
reliability, resiliency, and vulnerability were calculated for four periods: one current period
(~1976–2005), and three future periods (~2010–2039, Future 1; ~2040–2069, Future 2; and ~2070–2099,
Future 3). This study employed Representative Concentration Pathway (RCP) 4.5 for the projection of
climate. RCP4.5 is a medium-concentration scenario that implies the stabilization of radiative forcing
at 4.5 Watts/m2 in the year 2100. The application of the RCP4.5 can provide a common platform for
climate models to explore the climate system response to stabilizing the anthropogenic components of
radiative forcing [20]. RCP4.5 is a mitigation scenario that was assumed a general scenario for South
Korea considering the response to climate change through regulation [21].
Sustainability 2018, 10, 3043 3 of 16
Sustainability 2018, 10, x FOR PEER REVIEW  3 of 16 
 
Figure 1. Procedure used to assess sustainability under future drought scenarios. 
2.2. Statistical Downscaling of GCM Simulations 
APCC (APEC Climate Center) Integrated Modeling (AIMS) produced downscaled climate 
projection data of South Korea using two BCSD methods [22]. These are the SQM (Simple Quantile 
Method) and Spatial Disaggregation with Quantile Delta Mapping [SDQDM, 15] which can preserve 
the long-term temporal trends in climate. This study used the downscaled future projections of daily 
precipitation and temperature of 28 GCMs of the Coupled Model Intercomparison Project Phase 5 
(CMIP5) for RCP4.5 at 60 ASOS meteorological stations of South Korea (Figure 1) provided by AIMs. 
Table 1 lists the 28 GCMs used in this study. 
 
Figure 2. Locations of 60 Automatic Synoptic Observation System (ASOS) weather stations and nine 
geographic regions of South Korea. 
Figure 1. Procedure used to assess sustainability under future drought scenarios.
2.2. Statistical Downscaling of GCM Simulations
APCC (APEC Climate Center) Integrated Modeling (AIMS) produced downscaled climate
projection ata of South Korea using t o BCSD methods [22]. These are the SQM (Sim l Quantile
Method) a d Spatial Dis ggregat on with Quantile Delta Mapping [SDQDM, 15] wh ch can preserve
the long-term temporal trends in climate. This study used the downscaled future projections of daily
precipitation and temperature of 28 GCMs of the Coupled Model Intercomparison Project Phase 5
(CMIP5) for RCP4.5 at 60 ASOS meteorological stations of South Korea (Figure 1) provided by AIMs.
Table 1 lists the 28 GCMs used in this study.
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Table 1. Description of Coupled Model Intercomparison Project Phase 5 (CMIP5) GCMs used in
this study.
No. General Circulation Models Atmospheric Grid[Latitude× Longitude]
1 BCC-CSM1.1 2.7906 × 2.8125
2 BCC-CSM1.1(m) 2.7906 × 2.8125
3 CanESM2 2.7906 × 2.8125
4 CCSM4 0.9424 × 1.25
5 CESM1(BGC) 0.9424 × 1.25
6 CESM1(CAM5) 0.9424 × 1.25
7 CMCC-CM 0.7484 × 0.75
8 CMCC-CMS 3.7111 × 3.75
9 CNRM-CM5 1.4008 × 1.40625
10 CSIRO-Mk3.6.0 1.8653 × 1.875
11 FGOALS-g2 2.7906 × 2.8125
12 FGOALS-s2 1.6590 × 2.8125
13 GFDL-ESM2G 2.0225 × 2
14 GFDL-ESM2M 2.0225 × 2.5
15 HadGEM2-AO 1.25 × 1.875
16 HadGEM2-CC 1.25 × 1.875
17 HadGEM2-ES 1.25 × 1.875
18 INM-CM4 1.5 × 2
19 IPSL-CM5A-LR 1.8947 × 3.75
20 IPSL-CM5A-MR 1.2676 × 2.5
21 IPSL-CM5B-LR 1.8947 × 3.75
22 MIROC5 1.4008 × 1.40625
23 MIROC-ESM 2.7906 × 2.8125
24 MIROC-ESM-CHEM 2.7906 × 2.8125
25 MPI-ESM-LR 1.8653 × 1.875
26 MPI-ESM-MR 1.8653 × 1.875
27 MRI-CGCM3 1.12148 × 1.125
28 NorESM1-M 1.8947 × 2.5
Date source: http://portal.enes.org/data/enes-model-data/cmip5/resolution.
2.3. Standardized Precipitation Evapotranspiration Index
The popularly used drought index, the Standardized Precipitation Index (SPI), employs a
standardized progression of the probability distribution (e.g., gamma) related to cumulated monthly
precipitation. Using a similar way, SPEI uses the difference between precipitation and potential
evapotranspiration (D = P − PET) instead of precipitation. PET estimates from the Thornthwaite [23]
model were used in this study. The process of SPEI calculation discussed by Vicente-Serrano et al. [24]
can be summarized as follows: the surplus accumulation of a climate water balance as the difference
between the precipitation P and PET for the month i, which means deficit Di, is calculated using
Equation (1):
Di = Pi − PETi (1)
Drought duration, the appropriate aggregation time step, is denoted by td. For the monthly deficit
time series of Di(i = 1, 2, . . . , i, i+ 1, . . . , n), the td months accumulated deficit (DSi) of the ith month
(i ≥ td) is obtained by Equation (2):
DSi =
j=i
∑
j=i−td+1
Dj (2)
The water balance time series, accumulated deficit DSi, is fitted into a log-logistic probability
distribution by Equations (3) and (4):
g(x) =
β
α
(
x− γ
α
)[
1 +
(
x− γ
α
)]−2
(3)
G(x) =
[
1 +
(
α
x− γ
)β]−1
(4)
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where α, β, and γ are scale, shape, and origin parameters, respectively. With G(x), SPEI can be easily
obtained as the standardized values of G(x).
2.4. Aggregation Index
Tallaksen et al. [25] defined the occurrence of a streamflow drought when the streamflow falls
below the threshold level. The R–R–V approach in this study is based on a similar threshold concept
using SPEI Figure 3 [26]. In Figure 3, di is the duration and vi is the cumulative SPEI during the
drought event. The reliability obtained from Equation (5) is the probability where the available water
supply meets the water demand [27,28]. The resiliency obtained from Equation (6) is the probability
that a system recovers from a period of failure. Vulnerability is the likely value of deficits (vi), if they
occur [28]. Essentially, vulnerability expresses the severity of failures and therefore, it can be expressed
as the average failure [29] using Equation (7). The vulnerability is defined as the average of total
deficit, which is the sum of deficit divided by the number of deficit events. The dimensionless
vulnerability is defined as vulnerability divided by the annual demand (where ‘−1’ is the demand) in
Equation (8) [29]. The aggregated R–R–V index [19,30,31] for assessing the sustainability of a water
system is used to quantify the overall conditions of drought event by a combination of reliability,
resiliency, and vulnerability.
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Reliability = 1−
M
∑
j=1
d(j)
T
(5)
Resiliency =
{
1
M
M
∑
j=1
d(j)
}−1
(6)
Vulnerability =
1
M
M
∑
j=1
v(j) (7)
Dimensionless vulnerability =
1
M
M
∑
j=1
v(j)
/
annual demand (8)
AI = [Reliability × Resiliency × (1 − Dimensionless vulnerability)]1/3 (9)
where M is the total number of each drought event, and T is the number of time intervals.
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3. Result
3.1. Drought Indices for Future Drought
(1) Current: 1976–2005, (2) Future 1: 2010–2039, (3) Future 2: 2040–2069, and (4) Future 3:
2070–2099 for the analysis of the changes in R–R–V. This study defines the drought events if the values
of SPEI are lower than −1.0. Based on this definition, the frequency, durations, and vulnerability of
drought events were calculated and then aggregated to estimate the values of reliability, resiliency,
and vulnerability. The ensemble mean of 28 GCMs’ projected climate for RCP4.5 was used for the
estimation of drought characteristics at each station.
3.1.1. Frequency
The averaged frequencies of droughts for four periods were calculated at each station and
presented in Figure 4. The drought frequencies for Future 2 and Future 3 were found similar to the
frequency of the current period, while it was found higher for Future 1. The middle and northern
parts showed higher frequencies for Future 1, while the southern part showed a higher frequency of
droughts for Future 2 and Future 3.
The average frequencies of droughts for nine regions were calculated as shown in Figure 5.
The frequency of drought in Region 5 was found to be the lowest under the current climate. Overall,
droughts in the early 21st century were expected to occur more frequently than in the late 21st century.
High occurrences of drought in regions 5, 6, and 7 were found for Future 1. On the other hand,
the frequency of droughts in regions 3 and 9 was projected to be reduced in the future.
The box plots of drought frequencies at 60 locations for the current and future climates were
prepared to investigate the changes in future drought over South Korea (Figure 6). The median
frequency of droughts was found to be high in Future 1 and then decline until 2099. In Future 3,
the variance of drought frequency among locations was found to increase, and the average of drought
frequency was found to decrease. Overall, the results showed a decrease in the frequency of drought
events, while showing an increase in the spatial variation.
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The average durations of droughts for eight regions are shown in Figure 8. Overall, drought
durations in the future were found to be longer than in the current climate. The longer duration
droughts found in Region 5 for the current climate were projected to become the longest for Future
3, while droughts in Region 6 were the shortest for all of the periods. It was also projected that the
drought in Region 9 would last for a long time for Future 2. On the contrary, the drought for Future 1
would have a shorter duration than the present. In particular, it was projected that drought would
frequently occur and last for a longer period in Region 5 in the future.
The box plots of drought durations at 60 locations in current and future climates are shown in
Figure 9. The median duration of drought in the late 21st century was found to be long, and an increase
was confirmed from the early to the late 21st century. The median and variance of duration among
sites were found to increase in Future 3 compared to Future 1.
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3.1.3. Severity
The average drought severities for four periods at each station were calculated as shown in
Figure 10. The drought severities for Future 1 and Future 2 were found to be smaller than those for
the current period. On the contrary, the drought severity for Future 3 was found to be higher than
the other future periods. More severe droughts were found in the southwest region for the current
climate, while more severe droughts for Future 1, Future 2, and Future 3 were projected to occur in the
upper regions.
The average severity of the droughts for each region were calculated as shown in Figure 11.
The results showed that the drought severity is expected to be weaker in the future compared to the
current severity. However, regions 3 and 4 were projected to have more severe droughts in Future 3
than at present. The drought severities in regions 6, 7, and 8 were found to become much weaker in
the future compared to the current climate period.
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The box plots of drought severities at 60 locations in current and future climates are shown in
Figure 12. The median severity of drought in the late 21st century during the future period was found
to be high, and the variance of severity among sites were found to increase in Future 3 compared to
Future 1.
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3.2. Projection of Aggregation Index for Future rought
The frequency, duration, and severity of drought calculated in Section 3.1 ere used to
calculate the reliability, resiliency and vulnerability using Equations (5)–(7). lso, the di ensionless
vulnerability as transfor ed fro vulnerability using Equation (8). The R–R–V as calculated by
aggregating the reliability, resiliency, and dimensionless vulnerability with Equation (9), and the results
are shown in Figure 13. It was found that the R–R–V of Future 1 was higher than those for the current
climate, Future 2, and Future 3. The R–R–V was found to gradually decrease from Future 1 to Future 3.
That is, the aggregated R–R–V index will decrease, and the risk of drought will increase. For Future 3,
R–R–V will be much higher than those of the current climate at half of the total stations. In addition,
the spatial distribution of low R–R–Vs was projected to expand to low latitude regions in South Korea
during Future 3. In particular, except for some regions of the south coast, most regions were predicted
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The average R–R–Vs at eight regions is shown in Figure 14. The R–R–V was projected to gradually
decrease from Future 1 to Future 3 in most of the region. An increase in R–R–V was projected in Future
1 in all of the regions, and then gradually declined over time, except in Region 9. This indicates the
overall decline of future drought events in South Korea.Sustainability 2018, 10, x FOR PEER REVIEW  13 of 16 
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Figure 14. Averages of –R–V in different regions of South Korea for the current and future
climate periods.
The boxplots of R–R–V estimated at 60 stations for the current and future climate periods are
shown in Figure 15. The box plots were prepared to show the changes in drought characteristics due to
climate change. The ranges of the aggregated R–R–V index were 0.024, 0.022, 0.019, and 0.023 for the
current climate, Future 1, Future 2, and Future 3, respectively. The median of the aggregated R–R–V
index for drought in Future 1 was found the highest among all of the periods. A gradual declination of
the median aggregated R–R–V index was observed for Future 1, Future 2, and Future 3, which indicates
Sustainability 2018, 10, 3043 13 of 16
an overall decrease in water sustainability in South Korea. The variance of the aggregated R–R–V
index was also found to increase a bit for Future 1, Future 2, and Future 3. The lower whisker of
the aggregated R–R–V index was prolonged for Future 1, Future 2, and Future 3, which indicates a
decrease in the aggregated R–R–V index for most of the stations in South Korea.
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Table 2 summarizes the changes in the frequency, duration, and severity of droughts and the
aggregated R–R–V index under three future climate periods relative to the current climate. In all
of the regions except Region 9, the aggregated index was found to be higher for Future 1, while in
Future 2 and Future 3, they were found to be similar to that of the current climate. Although the
frequency of drought was projected to increase for Future 1, the aggregated R–R–V index would
increase, because the short period of drought would require a short period to recover to the normal
condition. In Future 2, the aggregated index of regions 1, 3, and 9 will be lower than that of the
current climate. Although the frequency of drought events was projected to decrease in these regions,
the duration of drought events would be longer, and therefore more time would be required to recover
to the normal state, and the drought vulnerability will increase.
Table 2. Summary of changes in the frequency, duration, and severity of droughts and the aggregated
R–R–V index for three future periods relative to those for the current [%].
Region
Future 1 Future 2 Future 3
Fr Dr Sv R–R–V Fr Dr Sv R–R–V Fr Dr Sv R–R–V
1 100.2 100.5 100.3 100.1 97.2 101.6 100.4 99.4 96.9 101.8 101.2 98.7
2 99.8 101 99.7 100.1 97.8 102.3 99.4 99.6 98.2 102 100.3 99.1
3 102.1 96.9 100.6 100.9 98.5 101.1 100.5 99.5 99.6 100.7 101 99.4
4 103.1 97.9 99.9 101 100.8 101.1 99.6 100 100.2 101.6 100.1 99.7
5 107.3 93.7 99.4 102.7 105 97.2 99.6 101.1 103.7 99 99.2 100.4
6 103.9 96.8 99.5 101.2 102.8 99.5 98.9 100.4 103.5 98.4 98.8 100.8
7 104 98.8 98.6 100.9 100.1 101.3 99.4 99.9 100.5 102.2 99.3 99.7
8 102.3 98.5 98.8 101.1 101 98.9 98.6 101 101.3 99.7 98.5 100.9
9 98.3 102.9 99.2 99.4 97 104 99.3 98.9 99.5 100.8 98.9 100.1
Average 102.4 98.3 99.6 100.9 100.6 100.3 99.5 100.3 100.6 100.6 99.6 99.9
* Fr, Dr, and Sv means frequency, duration, and severity, respectively.
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The aggregated R–R–V indices of regions 1, 2, and 3 will be lowered in Future 3, because the
droughts will occur less often than those in the current climate, although the duration will be longer.
On average, the frequency and duration of drought in Future 3 will be longer in South Korea, but the
vulnerability will be similar to that of the current. Therefore, the risk of drought events due to drought
in the future will be similar to the current.
4. Conclusions
This study employed the downscaled climate projections of 28 GCMs for RCP4.5 to calculate
the aggregated R–R–V index of drought. The reliability (1-frequency), resiliency (1/duration),
and ‘1-vulnerability’ of droughts were projected to decrease, and the risk of drought was concluded to
increase in most of the regions of South Korea. In the current period, the aggregated R–R–V index for
drought was found to be relatively low, but it was projected to be lower than that for the current at
about half of all of the stations used in this study for Future 3. In particular, the aggregated R–R–V
indices in the northern region of South Korea (regions 1, 2, and 3) were projected to be very low in
Future 3. This study also found that the frequency and duration of drought for Future 3 would be
longer in the central part, such as in regions 1, 2, 3, and 4. The drought frequencies were projected to
be the same in the future, but the magnitude of drought would be higher. Overall, the future drought
would be prolonged, and the mean severity would be higher, despite the similar frequency.
Kim et al. [32] projected the SPEI based on the RCP8.5 scenario in the future climate,
which projected that the frequency would be higher and the severity would increase in the late
21st century compared to the current climate. However, the relationship between severity and duration
was not addressed in this study. We compared the duration and severity of the drought events, and then
found that the magnitude increased during Future 3 compared to the current climate. The increase
in magnitude results from the decrease in duration or the increase in total severity. Even though the
duration in Future 3 is expected relative to the current, the large increase in total severity leads to the
increases in magnitude. Nam et al. [33] projected that the duration in the late 21st century was more
prolonged at RCP4.5 than at RCP8.5, and the magnitude was expected to increase toward the future
based on RCP4.5 scenarios. This means that the total severity increased, which was in good agreement
with our results.
It was projected that the southern part of Korea for the future would have higher aggregated
R–R–V indices. The temperature in the southern region of Korea was projected to rise in the future,
which will cause frequent extreme precipitations and an increase in total rainfall, and thus the risk
from drought will increase. The northern region of South Korea was found to experience more extreme
droughts in recent years, because the aggregated R–R–V index of the northern region is low. This region
is required to cope with the drought in the long-term.
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